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Radiation L a b o r a t o r y and D e p a r t m e n t of C h e m i s t r y U n i v e r s i t y of California, B e r k e l e y , California M a r c h 1, 1956
ABSTRACT Studies of the t r a n s i e n t changes i n r a d i o c a r b o n found i n v a r i o u s photosynthetic and r e s p i r a t o r y i n t e r m e d i a t e s in S c e n e d e s m u s , which r e s u l t when changing f r o m a condition of s t e a d y -s t a t e photosynthesis i n the light to d a r k and then back to light again, indicate the following metabolic m e c h a n i s m s :
( a ) The carboxylation s t e p i n the carbon -r e d u c tion cycle of photosynthesis r e s u l t s i n the f o r m a t i o n of two m o l e c u l e s of 3-PGA f r o m one RuDP m o l e c u l e , one C 0 2 , and one H2O:
( (d) T h e s e t r a n s i e n t s i n radioactivity found i n K r e b s -cycle a c i d s a r e taken
b) This carboxylation r e a c t i o n p r o c e e d s f o r about t h i r t y seconds i n the d a r k a f t e r the light i s turned off and i t s r a t e i s p r o p o r t i o n a l to the falling c o n c e n t r ation of RuDP, and s t o p s when the l a t t e r concentration f a l l s to z e r o . (c) Turning off the light r e s u l t s i n the t r a n s f e r of r a d i o c a r b o n f r o m PGA to c i t r i c a c i d , and glutamic a c i d , w h e r e a s turning on the l i g h t r e s u l t s i n a d ec r e a s e i n radiocarbon i n c i t r i c acid. T h e s e r e s u l t s p r o v i d e new

INTRODUCTION
The carboxylation r e a c t i o n of photosynthesis w a s f i r s t p o s t u l a t e d a s the carboxylation of a mcplecule of r i b u l o s e -1 , 5 -diphosphate ( R u D P ) to p r o d u c e two molecules of 3-phosphoglyceric a c i d (PGA) b y Calvin and ~a s s i n i * following studies of the s t e a d y s t a t e i n photosynthesis and c h a n g e s i n c o n c e n t r ations of photosynthesis i n t e r m e d i a t e s on c e s s a t i o n of light. T h i s carboxylation was i n c o r p o r a t e d a s a key s t e p i n the photosynthetic c a r b o n -r e d u c tion c y c l e postulated b y B a s s h a m e t a l .
The techniques of kinetic e x p e r i m e n t s to d et e r m i n e t r a n s i e n t changes and c h a n g e s i n s t e a d y -s t a t e l e v e l s of v a r i o u s i n t e rm e d i a t e c y b o n compounds involved i n photosynthesis w e r e i m p r o v e d b y
who studied these changes a s a function of changing c a r b o n dioxide concentration.
In the m e a n t i m e , p a r t i a l p u r ' %,B,?B:HI i a of the carboxylation e n z y m e , c a r b o x y d i s m u t a s e , w e r e r e p o r t e d , and i t w a s e s t a b l i s h e d i n v i t r o that the carboxylation of r i b u l o s e diphosphate r e s u l t s i n the f o r m a t i o n of only P G A . 2. T o d e t e r m i n e the concentration to which RuDP f a l l s i n the d a r k and thus to d e t e r m i n e whether o r not i t i s n e c e s s a r y to postulate a n y s p e c i a l m e c h a n i s m , other than a negligible c o n c e n t r a t i o n of the s u b s t r a t e RuDP, f o r the c e s s a t i o n of the carboxylation r e a c t i o n i n the d a r k . 3. To gain f u r t h e r information regarding the conversion of photosynthetic i n t e r m e d i a t e s to kricarboxylic acid cycle ( K r e b s cycle) i n t e r m e d i a t e s on the turning off of the light.
EXPEIUMENTAL PART
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The techniques employed were s i m i l a r to those of Wilson e x c e p t where the s y s tem was modified to accommodate the light -dark t r a n s i e n t i n s t e a d of " changing C 0 2 p r e s s u r e , A s m a l l gas pump forced 17'0 C 0 2 labeled with c I 4 0 through 79 cc of suspension of 0.5% (wet-packed volurne/suspension 2 volume) Scenedesmus in weak phosphate buffer (pH 7) in a t r a n s p a r e n t c e l l 8.4 m m thick and 125.5 m m in d i a m e t e r . The gas p a s s e d through an i o n ization c h a m b e r with a vibrating-reed e l e c t r o m e t e r and a L i s t o n -B e c k e r C 0 2 analyzer. The signals f r o m these i n s t r u m e n t s w e r e continuously r ec o r d e d . The gas-circulating s y s t e m was provided with a l a r g e v e s s e l which could be bypassed by m e a n s of a four-way stopcock, making the m e a s u r i n g s y s t e m s m a l l ( f o r determining the r a t e of phatosynthesis), o r could b e l e f t i n the s y s t e m to provide a l a r g e r e s e r v o i r of C 0 2 and C 1 4 0 2 c o m p a r e d with that used by photosynthesis during the experiment. The concentration of C 0 2 and c 1 4 0 2 was thus allowed to change only 10% during the e n t i r e c o u r s e of the experiment. The algae cell was illuminated with two 7 -inch -d i a m e t e r white flu-orescent s p i r a l lights. The c e l l was equipped with a stopcock f o r rapidly taking out s m a l l aliquots of the algae suspension.
The algae w e r e allowed to photosynthesize f o r one h o u r i n 170 C 0 2 (unlabeled), a f t e r which they w e r e quickly flushed with a i r f o r 5 minutes. The s y s t e m was then closed, and the mixture of c I 4 o 2 in 1% C 0 2 w a s added. Another 30 minutes was allowed f o r the algae to photosynthesize with the labeled carbon dioxide in o r d e r to s a t u r a t e a l l photosynthetic i n t e r m e d i a t e s with c 1 4 and to reach a steady state of photosynthesis. The s m a l l s y s t e m (420 cc) was then employed f o r a few minutes to determine the r a t e of u ptake of C 0 2 and c 1 4 0 2 . The l a r g e s y s t e m (6420 c c ) was again employed and a n o t h e r 20 minutes was allowed f-or reestablishing steady s t a t e . Aliquots of the algae suspension w e r e then taken a t 100-second i n t e r v a l s f o r 500 seconds. T h e light was turned off and the aliquots w e r e taken a s rapidly a s p o s s i b l e ( a t about 2-second i n tervals f o r 30 seconds, then l e s s frequently f o r 1500 s e c o n d s ) . The light was then turned on again and aliquots w e r e again taken rapidly, As soon a s each aliquot was taken i t was run into methanol f o r quick killing of the algae. Sample tubes w e r e weighed before and a f t e r the taking of each aliquot to determine i t s s i z e . Aliquot s a m p l e s w e r e subsequently e x t r a c t e d with 807' 0 methanol in w a t e r , 207'0 methanol in w a t e r at 70°c, and w a t e r . E x t r a c t s of each s a m p l e w e r e concentrated and analyzed by pape r chromatography and radioautog raphy. of the c a r b o n dioxide employed, t h e s e counts gave the concentration of v a r i o u s photosynthetic i n t e r m e d i a t e s i n p m o l e s / c c of wet -packed algae.
The a r e a of the c h r o m a t o g r a m occupied b y the s u g a r diphosphates w a s eluted and the eluate w a s subjected t o e n z y m a t i c h y d r o l y s i s by phosphatase (purified P o l i d a s e -S). The resulting f r e e s u g a r s w e r e then s e p a r a t e d b y twodimensional p a p e r c h r o m a t o g r a p h using the s a m e solvent s y s tern a s f o r the original plant e x t r a c t . The resulting r i b u l o s e , f r u c t o s e , and sedoheptulose s p o t s w e r e then counted s e p a r a t e l y .
RESULTS
The s t e a d y -s t a t e c o n c e n t r a t i o n s of PGA, RuDP, and s o m e othe r compounds involved i n the c a r b o n -r e d u c t i o n cycle i n the photosynthesis a r e given i n Table I The changes in PGA and RuDP radioactivity ( p r o p o r t i o n a l to c o n c e ntration) a r e shown i n F i g . 3, As c a n be s e e n , the concentration of PGA r i s e s v e r y rapidly during the f i r s t minute and then d r o p s slowly, reaching eventually a
s t e a d y -s t a t e d a r k value somewhat h i g h e r than i t s s t e a d y -s t a t e concentration i n the light. The concentration of RuDP d r o p s below m e a s u rable l i m i t s i n about 30 s e c o n d s .
The change i n PGA concentration on a n expanded t i m e s c a l e i s shown i n F i g . 4. The c i r c l e s a r e the f i r s t s i x e x p e r i m e n t a l points obtained a f t e r turning off the light, while the s o l i d s t r a i g h t l i n e s r e p r e s e n t the t h e o r e t i c a l r a t e s of change in PGA concentration if i t s r a t e of reduction stopped i nstantly, and if i t s r a t e of f o r m a t i o n (in m o l e s p e r minute) w e r e 1 . 5 , 2.0, o r 2.5 t i m e s the r a t e of c a r b o n dioxide uptake during s t e a d y -s t a t e photos y n t h e s i s .
F i g u r e 5 shows the change i n r a d i o c a r b o n i n P G A , c i t r i c a c i d , and glutamic acid i n the s a m e e x p e r i m e n t . T h e r a d i o c a r b o n found i n c i t r i c a c i d and i n glutamic acid m a y not be taken a s m e a s u r e s of the concentrations of these metabolites, s i n c e these campounds a r e not n e c e s s a r i l y s a t u r a t e d with radiocarbon during the c o u r s e of the e x p e r i m e n t . The labeling of m a l i c a c i d (not shown) continued t o r i s e a t an e s s e n t i a l l y unchanged r a t e , both on turning the light on and on turning i t off, T a b l e I ------S t e a d y -s t a t e c o n c e n t r a t i o n s of photosynthetic i n t e r m e d i a t e s and r e l a t e d hexose p h o s p h a t e s (in prnoles/cc of a l g a e )
C ompound L i g h t D a r k Change ADP, and inorganic phosphate. If the c o n c e n t r a t i o n s of T P N H , A T P , and the p r i o r compounds f o r m e d f r o m the light r e a c t i o n a r e s m a l l c o m p a r e d with the r a t e of reduction of P G A , then the reduction of P G A m a y be expected to s t o p v e r y quickly when the light is turned off. In c o n t r a s t , Reaction ( I ) , which r e q u i r e s no reducing agents o r e n e r g y -c a r r j r i n g compounds but is dependent only on the concentration of RuDP and COZ, m a y b e expected to continue f o r a few s e c o n d s a t i t s n o r m a l r a t e d u r i n g photosynthesis e v e n though the light is turned off. The r a t e of Reaction (1) d e c r e a s e s a f t e r a few seconds owing to the d e c r e a s e i n c o n c e n t r a t i o n of R u D P . The d e c r e a s e i n RuDP concentration i s the net r e s u l t of i t s continued carboxylation and diminished r a t e of f o r m a t i o n .
The r a t e of change of PGA concentration on turning off the light i s t h e difference be tween the r a t e s of Reactions (1) 
and ( 2 ) . If Reaction (2) s t o p s a l m o s t i m m e d i a t e l y , PGA concentration i n c r e a s e s a t a r a t e that i s d i r e c t l y proportional to Reaction ( 1 ) .
Experimentally, the r a t e of change of PGA on turning off the lights is about twice the r a t e of C 0 2 fixation i n the light, and this m a y be taken a s e v i d e n c e that i n vivo two molecules of PGA a r e indeed f o r m e d f o r e a c h m o l e c u l e of CO e n t e ring the cycle via the photosynthetic carboxylation 2 reaction. The d e c r e a s e i n the r a t e of change of PGA c o n c e n t r a t i o n t h a t follows during s y s t e m by carboxyfation of pyruvic a c i d a t an a c c e l e r a t e d r a t e during the t r a n s i e n t period. Nonetheless, the a p p e a r a n c e i n the d a r k of r a d i o c a r b o n i n K r e b s -cycle i n t e r m e d i a t e s a t the expense of a d e c r e a s e i n r a d i o c a r b o n i n photosynthetic i n t e r m e d i a t e s s t r o n g l y indicates once a g a i n that s o m e m e c h a ni s m f o r the prevention of s u c h conversion e x i s t s during illumination and is a l t e r e d to p e r m i t c o n v e r s i o n when the illumination is stopped. I n o r d e r to understand what this c o n t r o l m e c h a n i s m m a y b e i t i s n e c e s s a r y to c o n s i d e r photosynthesis -r e s p i r a t i o n r e l a t i o n s . S o m e of these p o s s i b l e r e l a t i o n s a r e indicated i n F i g . 6.
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The i m p o r t a n t investigation b y Brown, who employed oxygen -18 i n studies of photosynthesis and r e s p i r a t i o n r a t e s , d e m o n s t r a t e d that o v e r -a l l r e s p i r a t i o n of ChloreZ'Ea w a s constant during a l t e r n a t e 15 -o r 20 -minute p e r i o d s of light and d a r k , o v e r a wide range of light i n t e n s i t i e s . I t m a y b e i n f e r r e d f r o m this finding that oxidation of h e x o s e s via the n o r m a l glycolytic pathway through t r i o s e , PGA, and pyruvic a c i d and thence v i a a c e t y l CoA and the Krebs cycle continues a t v e r y n e a r l y the n o r m a l r a t e i n the l i g h t , a t l e a s t i n the c e l l u l a r s p a c e outside the chloroplast. We c a n a l s o s t a t e the p r e m i s e , now f a i r l y well e s t a b l i s h e d e x p e r i m e n t a l l y , that the e n z y m e s of the carbon-reduc tion cycle and the r e s e r v o i r s a s s o c i a t e d with this c y c l e a r e contained in o r on the chloroplast and a r e m o r e o r l e s s i s o l a t e d f r o m the m e t a b o l i s m of the c e l l outside the chloroplast. l 3 With this a r r a n g e m e n t i n m i n d one can suggest the following ways in which light m a y inhibit t r a n sformation of "photosynthetic" c a r b o n to I ' r e s p i r a t o r y P ' carbon: (A) Light m a y produce a g e n e r a l inhibition of the K r e b s cycle by supplying to the e l e c t r o n -t r a n s p o r t s y s t e m (cytochrome, etc. ) e l e c t r o n s f r o m the p r in a r y photochemical reductant (formed by photolysis of w a t e r ) in place of electrons normally obtained f r o m the various oxidative s t e p s of the Krebs cycle. Since we know there i s no g e n e r a l inhibition of r e s p i r a t i o n in the light, this would r e q u i r e a special s e t of K r e b s -cycle e n z y m e s a n d i n t e rmediates within the chloroplast, with a contribution of r e s p i r a t i o n insignificant compared with the ce41gs total respiration. A specific m e c h a n i s m f o r this inhibition ( C ) m a y be a lowe r e d r a t e of diffusion of P G A out of the photosynthetic pool in the light owing to the s m a l l e r concentration of PGA in the light a s compared with i t s concentration i n the d a r k . As can be s e e n f r o m F i g . 5, however, the concentration of P G A in the photosynthetic pool in the d a r k becomes a t m o s t only about twice i t s concentration in the light, whereas the r a t e of i n c r e a s e of c i t r i c acid concentration just' a f t e r turning off the light i s some twenty t i m e s the rate of i t s i n c r e a s e in the light. Consequently the possible change i n concentration gradient of PGA between photosynthesis and other pools i s too s m a l l by a t l e a s t a factor of ten to account f o r the a c c e l e r a t e d rate of labeling of c i t r i c acid on a b a s i s of diffusion alone. F u r t h e r m o r e , f r o m the observation that c i t r i c acid and glutamic acid d e c r e a s e in concentration when the light i s turned on again, we c a n eliminate (C), since i t i s h a r d l y conceivable that Bight could convert K r e b s -cycle i n t e rmediates outslde the chloroplasts back into photosynthetic ones i n view of the lack of effect of light on the r e s p i r a t i o n r a t e . (D) An i n c r e a s e in pyruvic acid concentration resulting f r o m a n i n c r e a s e i n P G A concentration o r turning off the light m a y r e s u l t i n a g r e a t e r rate of C3 t Cp carboxylatfon reaction to give oxalacetic acid and ( o r ) m a l i c acid. The s a m e a r g u m e n t s can be used against this possibility a s in ( C ) . The concentration of pyruvic acid and hence the rate of the C 3 t C 2 c a rboxylation reaction should not i n c r e a s e by m o r e than the i n c r e a s e irl PGA concentration --name1 y, twofold. Msreove r , f o r malic a c i d , the carboxylation reaction is reductive and might be expected to d e c r e a s e i n r a t e if affected a t a l l by turning off the light (if we hold to o u r assumption of a g r e a t e r supply of reductive e l e c t r o n s in the photosynthetic apparatus i n the light than in the d a r k ) . Finally, the pronounced effects on labeling of K r e b s -cycle i n t e rmediates on turning the light on and off w e r e found in c i t r i c a c i d and glutamic acid but not in malic acid.
Pt s e e m s reasonable to suppose that the C1 t C 3 l 4 M. Calvin and J. A. B a r l l r o p , J. Am. Chem. Soc. 74, 6153 (1952) .
carboxylation reaction i s indeed a c c e l e r a t e d , but a s a secondary e f f e c t which maintains the malic acid l e v e l a s malic acid i s oxidized to oxalacetic acid a t a n i n c r e a s e d rate to supply the four-carbon f r a g m e n t f o r the d a r k -s t i m u l a t e d C 2 + C4 condensation.
A tentative choice m a y be made between ( A ) and (B) on the b a s i s of the d e c r e a s e in labeling of c i t r i c acid on turning on the light again. If t h e r e w e r e a g e n e r a l blocking of the K r e b s cycle in the light owing to the p h o t~c h e m i c a l supply of e l e c t r o n s to the e l e c t r o n -t r a n s p o r t s y s t e m , then the oxidation of c i t r i c acid should be blocked on turning on the light again, and we should not s e e the rapid d e c r e a s e i n labeling of c i t r i c acid which then o c c u r s . The m o r e probable mechanism f o r light inhibition of conversion of P G A to K r e b s -cycle i n t e r m e d i a t e s thus a p p e a r s to be ( B ) , i n which the formation 'of a c e t y l CoA f r o m pyruvic acid i s blocked. M o r e o v e r , this block i s m o s t l i k e l y accomplished b y reduction of a specific cofactor (i. e . , thioctic acid) r a t h e r than b y a g e n e r a l competition f o r the e l e c t r o n -t r a n s p o r t s y s t e m by e l e c t r o n s supplied by photochemical reaction, since the l a t t e r m e c h a n i s m again i s not c o n s i s t e n t with the d e c r e a s e in radioactivity i n c i t r i c acid when the Bight i s turned on.
Finally, the fact that the amount of radiocarbon in the K r e b s cycle a c i d s goes down when the light is turned on a s well a s up when the light i s turned off indicates that there i s a complete s y s t e m of Krebs-cycle enzymes a n d r e s e r v o i r s associated with the chloroplast.
